Cyanobacteria are the simplest organisms known to have a circadian system. In addition to the three well-studied kai genes, kaiA, kaiB, and kaiC, an important element of this system is a two-component sensory transduction histidine kinase sasA. Using publicly available data of complete prokaryotic genomes, we performed structural and phylogenetic analyses of the sasA genes. Results show that this gene has a triple-domain structure, and the domains are under different selective constraints. The sasA gene originated in cyanobacteria probably through the fusion of the ancestral kaiB gene with a double-domain, two-component sensory transduction histidine kinase. The results of the phylogenetic analyses suggest that sasA emerged before the kaiA gene, about 3,000-2,500 MYA, and has evolved in parallel with the evolution of the kaiBC cluster. The observed concordant patterns of the sasA and kaiBC evolution suggest that these genes might compose an ancient KaiBC-SasA-based circadian system, without the kaiA gene, and that such a system still exists in some unicellular cyanobacteria.
Introduction
Circadian rhythmicity in regulation of endogenous physiological processes is a characteristic feature of eukaryotic organisms (Sweeney 1987; Pittendrigh 1993) . Cyanobacteria are the simplest organisms known to manifest circadian clock (Kondo and Ishiura 1999) . A cluster encoding three genes, kaiA, kaiB, and kaiC, was identified in the unicellular cyanobacterium, Synechococcus elongatus PCC 7942, as a key component of the circadian system ). The clock genes are ubiquitous in cyanobacteria (Lorne et al. 2000; Dvornyk, Vinogradova, and Nevo 2003) . They have been shown to play an important role in high adaptiveness of these prokaryotes to various environmental conditions (Ouyang et al. 1998; Johnson, Golden, and Kondo 1998; Johnson and Golden 1999; Dvornyk, Vinogradova, and Nevo 2002) .
Although the three kai genes are essential in maintaining circadian oscillation Iwasaki et al. 2002; Kitayama et al. 2003; Xu, Mori, and Johnson 2003) , a number of other genes have been determined to participate in the input and output pathways of the cyanobacterial circadian system (Tsinoremas et al. 1996; Kutsuna et al. 1998; Katayama et al. 1999; Schmitz et al. 2000; Katayama et al. 2003) . One of the latter is sasA, a kaiC-interacting sensory histidine kinase, which is important for robust circadian rhythmicity (Iwasaki et al. 2000; Kageyama, Kondo, and Iwasaki 2003) .
Recently we showed that the kai genes have quite a different evolutionary history and occur also in some archaea and proteobacteria. The kaiA and kaiB genes originated in cyanobacteria, and the three-gene cluster, kaiABC, evolved about 1,000 MYA (Dvornyk, Vinogradova, and Nevo 2003) . However, since the cyanobacterial circadian system also includes genes other than kai, the question is raised: how has this system evolved?
In the present work, we comprehensively studied structure and sequence diversity of the sasA genes from cyanobacteria. We also tried to reconstruct their phylogeny and to compare it to those of the kaiB and kaiC genes in order to find out when and how the sasA genes became involved into the regulation of circadian rhythmicity in cyanobacteria.
Materials and Methods

DNA and Protein Sequences
The annotated and homologous sequences of the sasA, kaiB, and kaiC genes were retrieved from GenBank by using the gapped BLASTP and PSI-BLAST (Altschul et al. 1997 ) and the respective amino acid sequences of Synechococcus elongatus PCC 7942 (GenBank accession Q06904, BAA37102, and BAA37103) as the probes. The kai sequences of only those species, which have the sasA genes, were used in the analyses. The retrieved protein and nucleotide sequences were aligned using CLUSTALW (Thompson, Higgins, and Gibson 1994) and manually adjusted based on structural considerations Iwasaki et al. 2000) . Alignments of the nucleotide sequences were modified manually according to the respective amino acid alignments. These multiple alignments are available upon request. The list of the used sequences is given in table 1.
Phylogenetic Analysis
The rate of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) was calculated using the modified Nei-Gojobori method (Nei and Gojobori 1986) with Juke-Cantor correction for multiple substitutions at the same site and the transitions/transversions ratio equal to 1.8. The MEGA 2.1 software (Kumar et al. 2001 ) was used for the computations of d N .
In the comparative phylogenetic analysis, we proceeded from the evidence that the kaiB and kaiC genes, after fusion into in the kaiBC cluster, have evolved as a unit rather than independently (Dvornyk, Vinogradova, and Nevo 2003) . The phylogenetic trees for the sasA genes and kaiBC cluster were obtained using respective amino acid sequences and a neighbor-joining (NJ) algorithm (Saitou and Nei 1987) with Poisson correction as implemented in the MEGA 2.1 software (Kumar et al. 2001) . The same method and software were used to perform a phylogenetic reconstruction for the kaiB genes and KaiB-like domain of the sasA genes. Statistical significance of the nodes in all derived trees was evaluated by the bootstrap procedure with 1,000 replications.
Analysis of Positive Selection
Comparing synonymous (silent, d S ) and nonsynonymous (amino acid-changing, d N ) substitution rates in protein-coding genes provides important information for understanding molecular evolution. The nonsynonymous/ synonymous rate ratio, x ¼ d N /d S , measures selective pressure at the protein level. The values of x ¼ 1, ,1, and .1, indicate neutral evolution, purifying selection, and positive selection, respectively. To test the sasA genes for the presence of natural selection, we used the sitespecific models, which do not average d N /d S ratio over sequences but allow it to vary among amino acid sites (Nielsen and Yang 1998; Yang et al. 2000) . The models were pairwise compared by the likelihood ratio test (LRT). This was done by comparing the log-likelihood values with x ¼ 1 constrained and without such constraint. If the null hypothesis x ¼ 1 is correct, twice the log-likelihood difference between the two models (2Á') asymptotically has a v 2 distribution with df ¼ 1. All computations were performed by PAML software (Yang 1997 ).
Analysis of Functional Divergence
There are two main types of functional divergence. Type I functional divergence after gene duplication results in altered functional constraints (i.e., different evolutionary rate) between duplicate genes, whereas type II results in no altered functional constraints but radical change in amino Structure and Evolution of sasA Genes 1469 acid property between them (e.g., charge, hydrophobicity, etc.) (Gu 1999) . The type I functional divergence between the different clades of the sasA gene tree was analyzed with the method proposed by Gu (Gu 1999) . We estimated a rate correlation between the members of the different clades, or a coefficient of functional divergence, h k , as implemented in DIVERGE v.1.04 software (Gu and Vander Velden 2002) . Using this method, we also identified critical amino acid residues that may be responsible for the observed functional divergence.
Results
Structure and Sequence Polymorphism of sasA Genes in Cyanobacteria
Screening available prokaryotic genomes using BLAST search revealed the large number of sasA homologs in many prokaryotic taxa. This was expected, because sasA belongs to the large superfamily of twocomponent sensory transduction histidine kinases widely distributed in prokaryotes (Nagaya, Aiba, and Mizuno 1993) . Genes of this superfamily often have a threedomain structure (Dutta, Qin, and Inouye 1999) . One of the domains is histidine kinase A phosphoacceptor domain (HisKA), another is related to the family of histidine kinase-like ATPases (HATPase_c). The former is an element of the two-component signaling systems, consisting of a histidine protein kinase that senses a signal input and a response regulator that mediates the output (Stock, Robinson, and Goudreau 2000) . The latter belongs to the ATP binding superfamily that includes diverse protein families such as DNA topoisomerase II, molecular chaperones Hsp90, DNA-mismatch-repair enzymes, phytochrome-like ATPases, and histidine kinases (Dutta and Inouye 2000) . The third domain is a sensor domain (Dutta, Qin, and Inouye 1999) .
In contrast to the other two-component sensory transduction histidine kinases, the sensor domain of the sasA kinases is homologous to the kaiB genes (Iwasaki et al. 2000) (fig. 1A) . Importantly, the BLAST search did not reveal the sasA homologs with the KaiB-like domain in genomes of prokaryotes, other than cyanobacteria, including those that possess the kaiBC cluster transferred from cyanobacteria (Dvornyk, Vinogradova, and Nevo 2003) .
The structure of the KaiB-like domain of the SasA protein is shown in figure 1A . It is 86 amino acid residues long (corresponds to residues 14-99 in the S. elongatus PCC 7942 SasA sequence) and has a number of putative motifs and highly conserved residues. The first motif (positions 36-42 in the alignment, fig. 1A ) is six or seven residues long, and at least five are hydrophobic. This motif is one of two putative hydrophobic cores of this domain. Another corresponds to the positions 87-97 of the alignment and contains at least eight hydrophobic residues ( fig. 1A ). Comparing these motifs against public databases revealed no homologs. Aligning the KaiB-like domain of SasA with the KaiB proteins (the alignment not shown) indicated that both putative hydrophobic cores in KaiB are also highly conserved, although they differ by sequence from those of the KaiB-like domain. Motifs of the KaiBlike domain contain conserved amino acid residues, whose mutations in KaiB alter circadian periods (Iwasaki et al. 2000) . Those are L40 and R/K102 in the alignment ( fig.  1A ). In addition, several other residues, which are fully conserved in the KaiB-like domain and KaiB, can be identified. In figure 1A , those correspond to three proline residues (positions 80, 92, and 99), L94, and G107. Interestingly, all these conserved residues are nonpolar.
The HisKA and HATPase_c domains are 59-71 and 111-130 amino acid residues long, respectively ( fig. 1B,  C) . They have a number of conserved characteristic features. The HisKA domain contains putative autophosphorylation histidine residue (Iwasaki et al. 2000) (fig.  1B) ; the HATPase_c domain has several ATP binding sites, an Mg 21 binding site, and two G-X-G motifs ( fig.  1C) . The motifs are located in loops defining the top and bottom of the ATP binding pocket (Obermann et al. 1998) .
The three domains of the sasA genes differ by the number of accumulated nonsynonymous substitutions. As the data in table 2 suggest, the HATPase_c domain is the most conserved among the three (d N ¼ 0.412 6 0.046), the KaiB-like domain has d N ¼ 0.614 6 0.068, whereas the HisKA domain is the least conserved (d N ¼ 0.840 6 0.112). The regions not belonging to any of the three domains have d N ¼ 0.836 6 0.077.
Comparative Phylogeny of sasA and kai Genes in Cyanobacteria All sasA genes found in cyanobacteria occurred in a single copy. The resulting consensus tree shows that the sasA genes are separated into two clades ( fig. 2 ). Clade A comprises sasA from the species, which have all three kai genes. Another clade includes the sasA genes from cyanobacteria, which possess either all the three clock oscillators (Synechococcus sp. WH 8102) or only two of them, kaiB and kaiC (Prochlorococcus strains). The trees of the kaiBC cluster and sasA genes from the same species have similar topologies ( fig. 2 ). In particular, two main clades of each tree, A and B, consist of the same species. Importantly, of two kaiBC clusters of Synechocystis sp. PCC 6803, one that is not in the cluster with the kaiA gene (Syncys3), forms a branch discordant with the tree topology of the sasA genes.
The sasA genes from the different branches indicate different patterns of nonsynonymous nucleotide substitutions in their domains (table 2). The sasA genes of clade A have significantly higher d N values (P 0.05) in all the three domains than do the genes of clade B.
The phylogeny of the kaiB genes and KaiB-like domains of the sasA genes from the studied species show their clear separation into four clades, all with very high bootstrap support for each clade ( fig. 3 ). Three clades (B1, B2, and B3) correspond to those previously reported for the kaiB genes (Dvornyk, Vinogradova, and Nevo 2003) . The fourth clade, B4, comprises the KaiB-like domains and is fairly diverged from the others.
Natural Selection in Evolution of sasA Genes We tested whether the sasA genes experienced positive selection during their evolution. First we com- 1470 Dvornyk et al. pared two models: the one-ratio model, which assumes the same x parameter for the entire tree (' 1 ¼ 29976.02), and the free-ratio model, which assumes a different x parameter for each branch in the tree, (' 0 ¼ 211108.85). Since the free-ratio model employs 18 x parameters for 18 branches, while the one-ratio model assumes one, the LRT can be performed with v 2 distribution and df ¼ 17. The test yielded 2Á' ¼ 2(' 1 2 ' 0 ) ¼ 2265.66 at P , 0.0001 suggesting rejection the free-ratio model and, consequently, one d N /d S ratio for all lineages. For further comparison, three pairs of models forming three LRTs were used: M0 (one x ratio) and M3 (discrete), M1 (neutral) and M2 (selection), M7 (beta) and M8 (beta&x) (Nielsen and Yang 1998; Yang et al. 2000) . The first of the three comparisons is, in fact, a test for variable x among sites. It gave significantly better results (2Á' ¼ 416.0, P , 0.0001 with df ¼ 4) for M3 (discrete) with K ¼ 3 site classes. Two other comparisons yielded significantly better ' estimates for the models assuming positive selection, M2 and M8, respectively (table 3). For M1-M2 comparison, 2Á' ¼ 30.02, P , 0.0001 with df ¼ 2, and for M7-M8, 2Á' ¼ 7.36, P ¼ 0.025 with df ¼ 2. M2 and M8 models produced largely consistent results regarding sites, which are probably under positive selection. Both models indicated the same five sites, 196C, 253S, 264G, 322R, and 340S to be likely under diversifying selection (table 3). On the other hand, the data of this analysis are in favor that vast majority of the sites are under strong purifying selection.
Functional Divergence of sasA Genes
The coefficient of functional divergence between clades A and B of the sasA genes is h ¼ 0.24 6 0.10, implying that the altered functional constraint (or altered evolutionary rate) between them is significant (v 2 ¼ 6.02, P ¼ 0.014 at df ¼ 1). However, the baseline of the sitespecific profile estimated by the posterior probability P(S 1 j X) (Gu 1999) is ;0.15-0.25 ( fig. 4) . Only six sites (1.4% of total sites) have P(S 1 j X) . 0.5. Interestingly, all these sites are conserved in clade A but are highly variable in clade B. The fact that most sites have the posterior probability ,50% is in favor of their functional similarity between the two clades of the sasA genes.
Discussion
SasA Structure and Polymorphism in Terms of the Functional Assignment of the Gene
Along with the three Kai proteins, the SasA protein was shown to be an essential part of the cyanobacterial circadian system (Iwasaki et al. 2000) . It forms heteromultimeric complexes with KaiC in a circadian manner (Kageyama, Kondo, and Iwasaki 2003) . The KaiB-like domain plays a central role in the SasA-KaiC interaction and maintenance of robust circadian oscillation in cyanobacteria (Iwasaki et al. 2000) . In this interaction, the KaiB-like and HisKA domains were shown to take part. The former may interact with either of the two kaiC domains, CI or CII, similarly to KaiB, whereas the latter affect kaiBC promoter activity through autophosphorylation (Iwasaki et al. 2000; Kageyama, Kondo, and Iwasaki 2003) .
The new functional assignment of the sasA gene was likely among the major factors, which shaped the observed patterns of its structure and polymorphism. Nuclear magnetic resonance (NMR) analysis of the first 105 amino acid residues of SasA, which cover the whole KaiB-like domain, indicates a secondary structure of babaa (break), and preliminary structures suggest a thioredoxin-like fold (Klewer et al. 2002) . Given that KaiB and KaiB-like domain of SasA interact with KaiC (Iwasaki et al. 2000) , the six amino acid residues, which are highly conserved in both, are likely critical for maintaining the protein structure necessary for this physical association.
Origin and Evolution of sasA Genes and Implications into Development of the Circadian System in Cyanobacteria
The sasA gene originated in cyanobacteria apparently through the fusion of a two-component histidine kinase and ancestral kaiB gene to form the currently observed triple-domain structure. There are a number of facts supporting this conclusion. First, no triple-domain homologs of the sasA genes with the KaiB-like sensor domain occur in other prokaryotes, even those possessing the kai genes laterally transferred from cyanobacteria (Dvornyk, Vinogradova, and Nevo 2003) . Theoretically, it is possible that the laterally transferred kaiB gene might fuse with the two-component histidine kinase in the other prokaryotes (e.g., proteobacteria) to form sasA, which then was transferred back to cyanobacteria. However, this scenario seems unlikely, given that there has been no evidence so far for the sasA homologs in prokaryotes, other than cyanobacteria.
Second, the kaiB genes were shown to originate in cyanobacteria (Dvornyk, Vinogradova, and Nevo 2003) . Along with the improbability of the above scenario, this is in favor of that the fusion of kaiB and a two-component histidine kinase to form sasA probably occurred in cyanobacteria. This assumption is further supported by recent data of a complete genome sequence of an early evolved cyanobacterium, Gloeobacter violaceus, indicating that this species lacks the kaiA, kaiB, and sasA genes (Nakamura et al. 2003 ) and thus suggesting all these genes appeared at the later stages of cyanobacterial evolution.
Third, the similarity of the sasA and kaiBC trees ( fig.  2) suggests that the former have likely evolved as an essential component of the cyanobacterial circadian system, together with the kaiBC cluster. Given that both KaiBlike domain and KaiB physically interact with KaiC in a circadian fashion (Ditty, Williams, and Golden 2003) , it implies that any evolutionary changes in the respective genes, which may somehow alter a protein structure, should be concordant to ensure a possibility of this interaction.
Cyanobacterial genomes may carry several copies of the kaiBC cluster (e.g., Synechocystis sp. PCC 6803, which has the two). However, as follows from the results of the comparative phylogenetic analysis ( fig. 2) , probably only one of these copies (Syneys1) is involved into regulation of circadian oscillation, whereas another (Synesys3) appears to be fairly diverged to hold this function.
Some incongruence between the kaiBC and sasA trees within each of the two clades may suggest lateral transfers of either kaiBC cluster or sasA gene within the clades. However, the transfers of the sasA genes, if they took place, likely did not occur between A and B clades ( fig. 2 ). This fact implies that the genes of each clade have specific functional and selective constraints, which make their transfers between the clades maladaptive. NOTE.-p is the number of free parameters for the x ratios, d N /d S ¼ average over sites. Parameters indicating positive selection are given in bold. Sites inferred under selection at the 99% level are listed in bold, and those at the 95% level are in italic. The numbers of the sites correspond to the positions in the SasA protein of Synechococcus elongatus PCC 7942. For the detailed description of the models, see Yang 1998 and Yang et al. 2000. Structure and Evolution of sasA Genes 1473 between the clades may suggest that, although the sasA genes are functionally similar ( fig. 4) , their KaiB-like and HisKA domains have different functional importance. In fact, only a few critical amino acid residues are involved in the functional divergence that precludes lateral transfers of the sasA genes between the clades (fig. 4) . Importantly, although the sasA genes of clade A are generally less conserved than those of clade B, evolutionary rates at all these critical sites shifted in favor of their conservation in clade A. These conserved sites may be related to emerging KaiA as an input circadian regulator and a resultant subsequent change of the SasA function to mediation of mainly circadian output.
An intriguing question is: when did the fusion of kaiB and the histidine kinase occur and sasA gene appear? As the phylogenetic tree in figure 3 suggests, predecessors of the kaiB genes experienced a number of duplications during the early stages of their evolution, and the fate of the duplicated genes was different. Comparison of this tree with the previously reported data on evolution of the kaiB genes and kaiBC cluster (Dvornyk, Vinogradova, and Nevo 2003) makes it possible to reconstruct evolutionary history of the sasA genes and estimate the time of their origin.
First, sasA appeared most likely before the origin of the kaiBC cluster. An immediate predecessor of the gene, which then became a KaiB-like domain of sasA, did not experience any duplication before the fusion. Otherwise, B4 lineage of the KaiB-like domains ( fig. 3 ) would have related lineages that are not a case. This fact suggests that the fusion resulting in a triple-domain sasA likely occurred soon after the first duplication, whereas the lineage leading to the kaiB genes has experienced a few more duplications ( fig. 3) . Such a scenario may explain the larger divergence of the KaiB-like domain from the kaiB genes. However, based on the currently available data, it is hardly possible to determine exactly when the triple-domain sasA gene emerged. These considerations, together with the estimates for the time of the origin of the kaiB genes and appearance of the kaiBC cluster between ;3,500 and 2,320 MYA (Dvornyk, Vinogradova, and Nevo 2003) , let us assume that the sasA gene evolved about 3,000-2,500 MYA. This is only a rough approximation, which is essentially based on the results of another molecular clock analysis. Given the observed heterogeneity in the rates of evolution, the estimates of the time of the sasA origin may carry considerable error.
So far, only the KaiABC-SasA-based circadian system, which includes the kaiA, kaiBC cluster and sasA, has been comprehensively studied in cyanobacteria using S. elongatus PCC 7942 as a model species (Ditty, Williams, and Golden 2003) . Based on the results of the phylogenetic analysis of the kai genes, we recently hypothesized that a simpler system without kaiA may also exist (Dvornyk, Vinogradova, and Nevo 2003) . The present study provides evidence for this hypothesis. Such a system is probably characteristic to cyanobacteria evolutionary older than genus Synechococcus, e.g., Prochlorococcus.
The obtained results give important implications for evolution of the cyanobacterial circadian system. Apparently, an ancestral circadian system consisted of the kaiB and kaiC genes, which were not in a cluster. The sasA gene supposedly evolved as a universal input-output regulator (Iwasaki et al. 2000) enhancing performance of this system. Later, kaiB and kaiC fused in the kaiBC cluster and sasA likely became an indispensable part of this KaiBC-SasA-based circadian system.
The next significant step in the evolution of the prokaryotic circadian system was emergence of the kaiA gene and, respectively, formation of the KaiABC-SasA system. In this system, the KaiA protein acts as an input circadian regulator of KaiC autophosphorylation , and SasA primarily controls a clock output and regulates downstream clock-controlled processes (Iwasaki et al. 2000) . The appearance of kaiA probably conferred some selective advantage under certain conditions, because the KaiABC-SasA system remains functioning even after disruption of one of its components, the sasA gene (Iwasaki et al. 2000) . The appearance of kaiA probably altered the evolutionary constraints and resulted in the observed functional divergence between the sasA genes of clades A and B as well as between respective kaiBC clusters (figs. 2 and 4).
Using the results obtained in this study and the previously reported data on evolution of the kai genes (Dvornyk, Vinogradova, and Nevo 2003) , we can considerably update the evolutionary scenario of the cyanobacterial circadian system as presented in figure 5 .
The fact that the sasA genes occur only in cyanobacteria and do not in other prokaryotes, even those possessing laterally transferred kai genes and kaiBC cluster, brings about one more important conclusion: these kai genes have probably undergone a functional alteration and are not circadian by their function anymore. Similarly, both the kaiB and kaiC genes scattered in the cyanobacterial genomes and extra copies of kaiBC not residing in the kaiABC cluster (e.g., Syneys3 in Synechocystis sp. PCC 6803) have probably significantly diverged from their original circadian function. However, this assumption is based solely on the results of the current phylogenetic analysis and needs to be verified experimentally .   FIG. 4. -The site-specific profile for prediction of critical amino acid residues responsible for the Type I functional divergence between A and B clades of the sasA genes, measured by the posterior probability of being functionally divergent at each site.
1474 Dvornyk et al. Recently, it was shown that under permanent UV stress the kaiBC cluster experiences frequent duplications of adaptive significance and has very high mutation rate (Dvornyk, Vinogradova, and Nevo 2002; . However, it remains unknown how the other components of the circadian system respond to the stress. Are the sasA and kaiA genes duplicated as well? Do they have the same mutation rate?
Origin and evolution of the sasA genes provide an example of ''fine evolutionary tuning'' of the cyanobacterial circadian system. The evolutionary evidence for existence of the KaiBC-SasA-based system in cyanobacteria gives researchers a few intriguing questions to be answered. What happened to cyanobacteria ;1,000 MYA to make the kaiA gene appear? How does the circadian system without this gene work? Answering these and other questions will give further insights into the mechanisms of evolutionary and physiological processes, which make cyanobacteria such highly successful generalists.
